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The  ESR  spectra  of  Mn'*  in  naturally  and  laboratory  sliocked  calcite 
crystals  and  coral  core  samples  were  studied  and  variations  in  several  spec- 
tral parameters  were  found  to  be  correlative  with  shock  pressure.  The  amount 
of  splittinq  in  the  central  transition  hypertine  component  peaks  was  observed 
to  decrease  in  the  upper  levels  of  the  Cactus  Crater  core  and  in  core  samples 
shocked  in  the  laboratory  to  proqressively  hiqher  pressures.  A comparison  of 
the  splittinq  amplitude  between  the  two  types  of  samples  allows  pressure 
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20.  ABSTRACT  (Continued) 

assignments  to  the  Cactus  core  of  3.3  GPa  at  8m.  • 5m.  and  2.0  GPa  at  13m. 

5m.  Unshocked  coral  core  samples  showed  no  splitting  amplitude  variation 
with  depth.  Results  from  coral  subjected  to  a long  duration  pressure  pulse  in 
the  Miser's  Bluff  TNT  experiment  are  generally  inconsistent.  Laboratory 
shocked  single  crystal  calcite  showed  similar  decreases  in  hyperfine  peak 
splitting  but  at  pressure  levels  three  times  greater  than  those  producing 
comparable  coral  sample  spectra.  The  decrease  in  peak  splitting  is  interpreted 
to  reflect  small  increases  in  cation-atnon  distances  produced  by  mechanical 
energy  input  during  the  shock  process.  Another  parameter,  the  non-central  to 
central  transition  peak  amplitude,  is  observed  to  decrease  with  increasing 
pressure  in  spectra  of  single  crystal  calcite,  and  may  ()rovide  a means  of 
empirically  correlating  very  low  ( 4.5  GPa)  shock  pressure  levels  in  calcite. 
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INTRODUCTION 
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Our  Investigations  over  tile  last  six  months  liavc  concentrated  almost 
exclusively  on  the  re-examination  and  refinement  of  the  electron  spin  resonance 
technique  as  a means  of  detecting  and  placing  quantitative  pressure  limits  on 
shocked  carbonate  materials. 

An  extensive  series  of  analyses  on  naturally  and  laboratory  shocked  and 
on  unshocked  samples  of  both  single  crystal  calcite  and  mixed  phase  (calcite 
plus  aragonite)  coralline  materials  have  verifieil  some  of  our  previously  re- 
ported results  (Vizgirda  and  Ahrens,  1977).  Specifically,  several  spectral 
features,  related  to  the  amount  of  crystal  field  splitting  in  divalent  manga- 
nese, a common  trace  element  in  calcite,  slu'w  consistent  variations  with  shock 
pressure. 

Previously  reported  variations  in  the  amplitude  ol  the  radiation  damage 

center  peaks  are  no  longer  believed  to  be  caused  bv  shock  induced  annealing. 

Control  samples  from  an  unshocked  core  (.\R1I- 5)  produced  a radiation  damage 

center  amplitude  trend  similar  to  that  observed  in  the  Cactus  Crater  core 

(below  the  contaminated  uppermost  levels),  i.e.,  a sliglit  increase  in  the 

deeper  core  levels.  Consequently,  it  is  concluded  that  the  observed  amplitude 

increase  with  depth  is  caused  by  greater  numbers  of  defects  (hole  centers  and 

electron  centers)  produced  by  radiation  from  elements  such  as  '*®K,  and 

->32 

Th,  and,  hence,  merely  represents  tlie  increasing  age  ol  the  deeper  core 
rock.  (A  similar  age  variation  has  been  observed  in  a stalacite  by  M.  Ikeya, 
1975.)  A low  pressure  shock  history  does  not  appear  capable  of  modifying  this 
figure  to  any  great  extent. 

KXPKRIMENTAI. 

All  spectra  were  recorded  at  .X-band  frequencies  (9.1  • 9.5  GHZ)  on  a 

Varian  V-4500  spectrometer.*  Room  temperature  second  derivative  spectra  were 
recorded  at  moilulatiou  amplitudes  ranging  from  5 to  O.bl  gauss  to  investigate 


*The  spectrometer  used  in  this  study  is  a facility  of  the  Noyes  haboratory, 
CIT.  Previous  spectra  were  recorded  by  P.  Tsay  at  the  .let  Propulsion  l.ab. 

In  comparing  the  two  sets  of  data,  allowance  must  lie  made  for  the  instrumental 
d i f f erence . 
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the  dependancy  of  crystal  field  splitting  en  tills  parameter.  Peak  splitting 
remained  constant  at  low  modulation  levels  (0.63G  » 1.6G)  and  increased  at 
higher  amplitiules;  a modulation  amplitude  of  1 gauss  provided  an  optimum 
signal  to  noise  ratio  in  most  cases  and  of  the  measured  spectra  were  re- 

corded .It  this  setting. 

Most  s.imples  of  Kniwetok  core  limestone  were  hand  friable  or  easily 
fr.ictured  .ind  could  be  direc  tly  placed  into  4mm  di.imeter  ESR  quartz  tubes. 
.‘Several  s.imples  required  grinding  with  mortar  and  pestle,  but  there  was  no 
>or  re  1.1 1 ion  between  tile  .imount  ol  grinding  needed  .uid  tlie  crystal  field  split- 
ting amplitude.  The  single  cryst.il  c.iliite  s.imples  readily  fractured  and 
ri-quired  minimimi  h.indllng. 


RKSUl.T.S 

Kniwetok  Gore  G.irbon.ites 

All  If)  s.imples  of  G.utus  Cr.iter  cori'  were  i .in.i  ly  zed  using  tlie  CIT 
spect  roroi't  er . V. lines  of  t lu'  hvpiTf  ine  component  peak  splittings  were  consist- 
mu  ly  b g.iuss  lowi-r  th.in  previously  recorded  v. lines;  however,  the  trend  of 
redui'inl  splitting  v.ilues  in  upper  core  li'Vel  s.imples  is  verified  upon  re- 
ex.imin.it  ion.  For  three  of  t lu‘  samples,  several  aliquots  were  prepared  and  the 
spc.tr. I mi-.isuri'd;  in  .ill  casi-s,  splitting  v.ilues  for  the  various  aliquots  of 
the  s.ime  s.imple  .igrm'd  to  within  less  th.in  0.3  gauss.  From  the  topmost 
G.ii  tu.s  s.imple  (8.1  miters),  .i  f i lu-  pebble  cong  lomer.i  1 1> , aliquots  of  both  the 
vi'rv  tine  gr. lined  m.ilrix  m.iteri.il  .iiiii  the  cl.ists  were  analyzed;  the  clasts 

I ^ 

(lor.il  Ir.igmetits)  sh.'Wed  no  reso  1 ve.ib  1 e .Mii  sig,n.il,  and  the  reported  spectrum 
for  thi.s  s.imple  is  ot  tiu-  m.itrix  m.iti'ri.il. 

Gi'iislstent  v.iri.itlons  in  speitr.il  features  1 rom  the  top  to  the  bottom  of 
the  ci>re  . .in  be  I'bserviui  in  Fig.  i.  ( i'lu-  spectr.i  were  taken  at  a uniform  1 
g.iuss  ilul.ition  .implitude,  therefore  line  shapes  can  be  directly  compared.) 
Ihi'  lowest  tielil  Mil  hvperfine  component  (the  left-hand  arrow  in  the  figure) 
is  observed  .IS  .1  single  pe.ik  in  the  8.1,  11.8  .ind  12.2  meter  sa.nples;  below 

this  depth  it  is  cle.irlv  split  into  two  sub-pe.iks  .mil  this  splitting  is  in- 
I re.r.singlv  we  1 1 -d«' t I ned  in  lower  core  s.imples.  The  highest  field  hyperfine 
component  i r ight  - h.iiul  .irrow  in  figure)  remains  split  throughout  the  extent  of 
the  i.'re,  but  the  implitude  of  the  splitting  decreases  approximately  30%  from 
t h«.  bottom  t>'  the  top.  In  .iddition,  the  highest  field  hyperfine  peak  displays 
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Figure  1.  Second  derivative  ESR  spectra  of  Mn  in  Cactus 
Crater  core  (XC-1)  samples  from  several  deptlis. 

Note  tile  consistent  variation  with  depth  in  the 
splitting  amplitude  of  the  central  transition  hyper- 
fine  component  peaks,  particularly  the  highest  and 
lowest  field  peaks  (indicated  with  arrows).  Magnetic 
field  strength  increases  toward  the  right. 


a more  complex  substructure;  the  lower  field  "sub-peak"  of  this  component  is 
observed  to  be  further  split  in  the  three  upper  core  samples.  The  amplitude 
of  this  splitting  is  4.5  ' 0.5  gauss  in  the  8.1  and  11.8  meter  and  3 * 0.5  gauss 
in  the  12.2  meter  s^>mples;  no  such  small  scale  splitting  is  observed  in  other 
XC-1  samples.  Splitting  (large  scale)  is,  in  fact,  observed  in  all  6 hyperfine 
peaks  in  samples  taken  from  below  12.2  meters.  For  the  12.2  m sample,  however, 
splitting  can  be  resolved  for  only  the  3 upper  field  components.  The  highest 
field  hyperfine  peak  shows  splitting  for  all  samples;  the  amount  of  this  split- 
ting has  been  measured  and  the  results  are  plotted  in  Fig.  2.  The  equation  for 
the  power  curve  fit  for  the  XC-1  data  is: 

HI’S  = 8.07d°‘  (1) 

I j 

where  UPS  is  the  highest  field  Mn  hyperfine  peak  splitting,  measured  in  gauss, 

2 

and  d is  core  depth  in  meters;  the  correlation  coefficient,  r“,  is  0.85. 

Coral  core  samples  shock-loaded  in  the  laboratory  at  pressures  up  to 
3.3  GPa  have  also  been  re-examined;  resolveable  spectra  have  been  obtained  for 
only  three  samples  and  these  are  reproduced  in  Fig.  3.  Note  tlie  similarity  in 
the  spectra  of  the  2.0  C.Pa  laboratory  shocked  coral  and  the  XC-1  12.2  meter 
sample;  in  both  cases,  only  tlie  three  high  field  hyperfine  peaks  are  resolveably 
split,  and  the  measured  amplitude  of  splitting  of  the  highest  field  component 
is  12  • 0.5  gauss.  The  two  sub-peaks  of  the  highest  field  component  are  some- 
what difficult  to  isolate  in  the  3.3  GPa  shocked  sample  spectrum,  but  slightly 
j higher  modulation  traces  give  a reading  of  11*2  gauss.  Results  from  these 

! experimentally  shocked  samples  are  superimposed  on  the  power  curve  fit  to  XC-1 

data  in  Fig.  2.  Uncer t.iint ies  in  assignment  of  pressure  levels  to  certain 
depths  were  determined  by  calculating  the  standard  deviation  of  the  XC-1  data 
residua  1 s . 

Fight  samples  from  the  XRl'-3  ci're  were  analyzed  and  measurements  made  on 
the  splitting  in  the  highest  field  hyperfine  component.  The  results  arc- 
plotted  in  Fig.  4.  No  treiul  is  observed  in  the  dat.i;  in  particular,  the  upper 
core  levels  do  not  show  any  decrease  in  the  amount  of  splitting.  A least 
squ.ires  fit  line  to  the  data  provides  the  rilat ionship : 

UPS  = -0.008d  + 14.42  (2) 
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Figure  2.  Variation  of  Mn  hyperfine  peak  splitting,  as  measured 
for  the  highest  field  component,  with  depth  in  the 
Cactus  Crater  core.  Circles  represent  the  Cactus  data. 
.Squares  represent  laboratory  shocked  coral  core  samples; 
the  numbers  above  the  squares  are  shock  pressures  in 
gigapascals. 
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Coral  core  (XRU-3)  samples  experimentally  shocked  to 
indicated  pressures  (in  GPa) . Note  the  variation  with 
pressure  in  the  splitting  of  the  central  transition 
hyper  fine  component  peaks. 
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The  XRU-3  data  (together  with  the  experimentally  shocked  samples)  substantiates 
the  observed  splitting  variation  in  the  XC-1  core  as  a sliock  delormation 
feature  and  not  a reflection  of  trends  in  litliology,  cementation,  compaction, 
etc . 


Mi s 0 r ' s _B  1 u f f S a mpj  e s 

ESR  spectra  of  twelve  samples,  6 calcite  and  (i  coral  , shocked  in  the 
Miser's  Bluff  TNT  blast  of  December  1977  were  obtained  and  measured.  Six 
cylindrical  sample  assemblies  were  emplaced  in  two  different  holes  in  alluvium. 
As  discussed  below  tltese  appear  to  not  have  been  dynamically  loaded  in  a Vi'ry 
uniform  or  monotonic  ra.inner.  This  is  prt)babiy  a consequence  of  inherent  local 
inhomogeneities  in  the  environment. 

Results  for  the  coral  samples  do  not  entirely  .igree  witii  the  calculated 
experimental  pressures.  tin  the  basis  of  tlie  onset  and  progression  of  splitting 
in  the  three  lower  field  hyperf ine  components,  the  samples  can  be  qual itat ively 
ranked,  in  order  of  decreasing  shock  effect,  ,is  follows:  cylinders  fid,  t'l,  //I, 
•'t4.  ’5  and  «(,.  xhe  c.ilcul.ited  pressures  for  these  cylinuers  (in  that  order) 
arc  .1,  0.03,  1.0,  0.3,  0.1  and  0.005  (li’a . Hyperf  ine  peak  splitting  amplitudes 
folh'w  a bimoda]  d i .st  r ibu  t i on:  sample.s  from  cylinders  '*2,  !'3  and  j/1  sliow  a 
splitting  of  11  to  12  gauss,  wiiile  those  from  •74  and  76  show  v,ilues  of  13  and 
14.5  respect  ivel  Ihe  spectra  tor  sample  '•■3  shows  very  well  defiiu’d  peaks  .md 
generally  resembles  unshocked  crystalline  calcite  spectra;  the  splitting  ampli- 
tude of  the  highest  field  pe.ik  is  9.73  g.iuss.  The  anom.ilous  absorption  in  this 
spectra  m.iy  ri'present  one  orientation  of  a large  singli'  crystal  I'f  c.ilcite 
dominating  the  .iver.ige  powder  pattern.  Thus  except  for  sample  “S,  the  two  tvpes 
of  ESR  criteria  ("qua  1 i t .i  t i ve”  .ind  me.isured  splitting)  divide  the  s.imples  into 
a definitely  shock  affi’cled  c.roup  consisting  of  cylinders  ••'2,  •"I  .ind  "1,  .ind 
cylinders  ”4,  "a  and  “g  whose  cor.il  s.imples  show  little  or  no  shoi  k d.im.ige. 
Curiously,  these  two  clusters  corrispond  to  the  two  holes  in  whi< h the  ivliinbrs 
were  empi.iced.  Direct  omp.irison  with  laboratory  d.it.i  is  possible  in  onlv  one 
c.ise;  spectr.i  f ri'm  lor.il  s.imple  •••' ) ri'sembles  th.it  of  cor.il  l.iboratorv  shocked 
to  2.0  Cl’.i  levels. 

Me.isured  hypertine  pe.ik  splitting  va  1 lu's  lor  the  Icelami  sp.ir  i.ilcite 
s.imples  shocked  in  the  Miser's  BluM  bl.ist  .ire  .ill  very  simil.ir  .ind  1 .i  1 1 in 
the  "unshocked  r.ingi'"  of  14.23  to  13  c.iuss.  In  order  to  invi'St  ig.it  i'  other 
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spootral  t'oa taros  wliicli  may  bo  sonsitivo  to  sliock  prossaro  lovels  li'wor  than 
Llioso  iK'oossary  tor  ami  ilii  lat  in>;  splittiiip,  ol  liyport'iiio  oomponont  poaks,  uii- 
slioikod  aiul  laboratory  sliookod  caLcito  sainplos  wi'ro  analyzocl.  I'boso  toaturos 
aro  laboloil  on  a spoctram  of  unsbookod  Uoland  spar  in  Fig.  5.  Tbo  b most 
prominont  poaks  aro  tho  hyportino  compononts  dno  to  tbo  oontral  spin  transition, 

= 1/2  ' 1/2,  Anij  =0.  (It  is  variations  in  tboso  toaturos  wo  havo  boon 

considoring  up  to  now.)  Absorption  poaks  dno  to  non-oontral  spin  transitions 
aro  indioatod  on  tho  high  and  low  I'iold  onds  of  tbo  spi'otrum.  Anotbor  sot  oi 
absi'rption  linos  in  tbo  oontral  portion  of  tho  spoolriim  aro  tboso  oorrospond i ng 
to  forbiddin  transitions,  M = ^1/2  •>  “•  1/2,  .\mj  - 1. 

Four  spootra  ol  oxpor  imont  a 1 1 y sbooki-d  singlo  oryslal  oaloiti-  aro  ro- 
( prodnood  in  Fig.  b.  Absorption  poaks  duo  to  non-iontral  transitions  aro 

indioatod  by  arrows  on  tho  top  spootra.  Tho  ampliludo  ol  t hoso  poaks  h.is  do- 
croasod  s igni  f i oant  ly  in  tho  samplo  shooki'ii  to  i.  S td’a  and  has  oomplotoly 
d isapiioari'd  in  tho  5.5  Cd’a  samplo.  Noto  also  that,  ovon  in  tho  highost  shookod 
samplo  (b.5  C.l’a)  splitting  is  ovidont  in  all  b oontral  tr.insition  hyportino 
poaks . 

I'hroo  ot  tho  Minor's  liliitt  shookod  oaloito  spootra  aro  shown  in  Fig.  7. 

All  show  oloarly  rosolvod  splitting  in  tho  oontral  transition  hyportino  poaks. 
llowovor.  sluH'k  doformat  ion  is  imlioatod  by  tho  roduood  .implitudo  ol  tho*  non- 
I'ontral  transition  po.iks,  partioularly  in  tho  highost  shookod  s.implo  (oyl  indor 
//I).  Looking  at  tin'  rat  it'  ot  non-oontral  to  oontral  transition  poak  amplitudos, 
tho  oaloito  samplos  <-.in  bo  gronpod  into  tboso  showing  roduood  r.itios  indioativo 
j Ilf  shoik  doformat  ii'n , oylimlors  1,  2 and  ),  and  tboso  with  approximat  oly  oonstant 

^ ratios  oomparablo  to  unshookod  loolaml  spar,  oylindors  A,  5 and  b.  Cloarly, 

tho  Minor's  lilufi  samplo  spt'i  tr.i  all  indioati-  shook  iloformat  ion  lovols  signifi- 
oantly  loss  th.in  1.5  (d’a;  howi'vor , not  onoug.h  s.implos  oxpor  imont  a I ly  shookod  in 
tho  0.5  ' 2.0  Ol’a  tango  aro  availablo  to  moro  prooisoly  quantify  doformat  ion 

1 ovo 1 s . 
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Central  Transitions 


^ I 

Figure  5.  Socorid  lieri  vat  i vo  spectrum  of  Mn  in  a powder  snmple  of 

unshocked  calcite  (variety  Iceland  spar).  The  six  prominent 
split  peaks  are  the  hyperfine  components  due  to  the  central 
transitions,  Mj,  = ■*'1/2  ■>-»  ”1/2,  Am]  = 0;  the  interveninj; 
lower  intensity  absorptions  are  due  to  forbidden  transitions 
(Ms  = +1/2  • 1/2,  .’.m]  = *1).  Hyperfine  components  corresponding 

to  non-central  transitions  are  observed  at  the  high  and  low  field 
ends  of  the  spectrum. 


J 


Figure  6.  Second  derivative  ESR  spectra  of  Mn  in  powder 

samples  of  experimentally  shocked  calcite,  variety 
Iceland  spar.  Note  the  decreasing  amplitude  of  the 
absorption  peaks  corresponding  to  the  non-central 
transitions  (indicated  by  arrows)  with  increasing 
shock  pressure. 
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Iceland  spar  shock  loaded  in  the  Miser's  Bluff  TNT 
blast.  Note  the  (slightly)  decreasing  amplitudes  of 
the  Mn"^  non-central  transition  peaks  (indicated  by 
arrows)  with  increasing  shock  pressure. 
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DISCUSSION 


In  thi.'  il i si'iiss ion  of  t)Otli  Kniwotok  loro  .inU  Miser's  Hlulf  sample  results, 
variatii'iis  with  slioek  pressure  wen-  observed  in  two  speetral  parameters,  i.e., 

I 

in  tile  amount  ot  splitting  in  the  Mn  central  transitioti  liyperfine  component 
peaks,  and  in  tile  non-i-eniral  to  ei-ntra!  transit  ion  peak  amplitude  ratios. 

Till'  tirst  iM  tliesi-  ti-atun-s,  tlie  splitting  amplitude  is  due  to  absorption 
at  two  extri-mi'  resiinance  positions,  occurring  .u  = (lilttli  field  peak)  and 

“ 90‘’  tlow  lield  pi-ak),  for  eacli  liyperfine  component.  file  transition  energy 
term  describing  the  amplitude  ol  tlie  separat  ion  (in  .-.auss)  is: 


'll 


II  D“ 


1 ) 


75  Airni| 

2g^^^r 


(3) 


U'lii’rL'  D (g.iuss)  is  the  crystal  lield  splitting  parameter,  A (gauss)  is 
tile  livpert  ine  lonpling  constant,  tl  (g.iuss)  is  tlie  m.ignetic  field  corresponding 
to  .111  nnsliifted  resonance  liiU’,  is  t lu'  liolir  m.igneton,  g is  tiie  (isotropic) 

I ^ 

spei- 1 roSi'op  tc  splitting  f.utor,  .ind  nij  tlie  uncle. ir  spin  of  Mn  (Tsay  et  al., 

1 977  ).  .Since  tlie  m^  dependent  ti-rm  in  K(| . ) will  cli.inge  sign  in  going  from  tiie 
low-fielil  to  t iu'  tiigli-field  sidi-  ot  tlie  spectrum,  the  amount  of  splitting 
incre.ises  in  tiu'  higher  fiild  hvperline  pe.iks.  Dur  observations  are  consistent 
with  t heoii't  i c.i  I v.i  r i .1 1 ions  ; the  decri'.ise  (.ind  evinitu.il  d is.ippearance)  of 
splitting  in  the  lowest  lield  hyperline  pi'.ik  is  inv.iri.ibly  linked  to  a similar 
decre.ise  in  the  highest  lield  pe.ik. 

According  to  <.•  1 ec  i nist  .i  t i . llieorv,  the  cryst.il  field  splitting  par.imetor 
is  .ippriixim.itelv  pioportion.il  ti'  tlu'  inviTse  of  the  fifth  power  ol  the  cation- 
.inion  distance  (Orgel,  1957):  this  inverse  re  l.i  t ionsh  i p h.is  been  verilied  in 
.in  KSR  i lives t ig, It  ion  of  torsti  rite  (R.igcr.  1977).  The  following  can  thus  be 
concluded  linn  onr  observ.i t ions  of  dei  re.ising  c ryst.il  field  splitting  parameters 
recovery  from  incre.ising  shock  pressure  has  the  effect  of,  on  the  average,  in- 
cre.ising  the  i .it  lon-.inion  dist.im-e  in  the  calcite  lattice.  This  incre.ise  can- 
not at  present  be  qu.intified,  but  is  prob.ibly  of  the  order  of  t hous.ind  t Its  of 
.ingstroms.  A slmil.ir  in  rease  in  l.ittice  p.ir.imeter  with  shock  deformation  has 
been  reported  by  (Ih.io,  19b8  in  he.ivily  shocked  quartz  from  the  Kies  Crater  in 
Cerm.iny,  using  X-ray  techniques. 


Thus,  it  is  possible  that  what  thi  KSR  method  is  detecting  in  shocked 
carbonate  samples  is  a very  slight  enlargement  of  the  unit  cell  resulting  from 
input  of  mechanical  energy  in  the  shock  and  rarefaction  process. 

The  second  observation,  that  is  the  decrease  in  non-central  to  central 
transition  peak  amplitudes  with  increasing  pressure,  is  not  readily  understood 
on  theoretical  grounds,  but  has  been  observed  by  other  workers  (Gager  et  al . , 
1964) . 

A curious  aspect  encountered  in  investigation  of  the  Miser's  Bluff  samples 
is  the  difference  in  results  between  the  calcite  and  the  mixed  phase  coral 
samples.  The  latter  clearly  showed  a shock  effect  as  measured  by  the  decreased 
splitting  of  the  highest  field  hyperfine  peak.  The  calcite  samples,  on  the 
other  hand,  showed  a constant  amount  of  splitting;  however  laboratory  samples 
shocked  to  higher  pressure  levels  than  those  in  the  Miser's  Bluff  blast  did 
show  a measureable  decrease  in  tltis  splitting.  Thus,  it  appears  that  mixed 
phase  carbonate  materials  are  more  readily  deformed  at  a given  stress  level,  by 
the  shock  process  than  single  crystal  calcite. 

High  precision  level  X-ray  powder  diffraction  studies  are  being  undertaken 
to  see  if  tliere  has  been  any  change  in  tlie  lattice  parameters  of  the  .Miser's 
Bluff  calcite  and  aragonite  samples. 
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